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Introduction {#sec1}
============

The mucosal lining of the oral cavity serves as a barrier to protect the underlying tissues from mechanical damage and noxious stimuli. Like other covering and lining tissues of the body, the oral mucosa consists of a surface epithelial layer and a supporting fibrous connective tissue layer ([@bib12], [@bib29]). The connective tissue mainly provides mechanical support and nutrients for the epithelium, whereas the epithelium constantly turns over to protect the underlying connective tissue against mechanical and chemical insults ([@bib22], [@bib29]).

In mammals, the oral mucosa can be divided into three categories based on function and histology: masticatory mucosa that includes the hard palate and gingiva; lining mucosa that covers the soft palate, the ventral surface of the tongue, as well as buccal, alveolar, and labial surfaces; and specialized mucosa on the dorsal surface of the tongue ([@bib12]). Despite distinct functions and morphologies, all oral mucosa is contiguous. Whether they share the same stem cell population and similar remodeling mechanism is largely unknown.

The Wnt pathway is essential for stem cell maintenance and differentiation ([@bib7], [@bib13], [@bib17]). The advent of lineage tracing techniques has made it possible to precisely tag populations that arise from Wnt-responsive cells and follow their fate(s) over time. Using Wnt reporters, Wnt responsiveness appears to be a general feature of stem cells in different tissues ([@bib5], [@bib24], [@bib28]). In this study, we used two Wnt reporter strains to specifically visualize Wnt-responsive cells and examine their fates in the oral epithelia, here focusing on the hard and soft palates. Although these two tissues represent two different types of oral mucosa with distinct morphologies, we discovered that they shared a similar homeostatic mechanism. Upon injury, however, the hard and soft palates displayed distinctive, dynamic changes that led to significantly different healing rates. In addition to the critical role of Wnt-responsive cells in turnover and regeneration, we also demonstrated that in oral epithelia the number of Wnt-responsive basal cells is tightly controlled: instead of producing progeny to occupy all layers of the oral epithelia, a large portion of injury-induced progeny remain in the basal layer to cover the injury site; once the tissue has undergone repair, a subset of those labeled basal cells are removed via a non-apoptotic mechanism, which returns the tissue to its initial homeostatic state. These data have implications for improving the repair of slow-to-heal oral injuries.

Results {#sec2}
=======

The Hard and Soft Palates Contain Wnt-Responsive Cells {#sec2.1}
------------------------------------------------------

The hard palate comprises the roof of the oral cavity ([Figure 1](#fig1){ref-type="fig"}A) and is characterized by a thick, keratinized epithelium with dense connective tissue underneath ([Figure 1](#fig1){ref-type="fig"}B), which makes it an ideal tissue to support mastication. Posteriorly, the hard palate is contiguous with the soft palate ([Figure 1](#fig1){ref-type="fig"}A), which has a thin epithelium and loose underlying connective tissue ([Figure 1](#fig1){ref-type="fig"}C). This flexible tissue is ideally suited for vocalization. Using an *Axin2*^*LacZ/+*^ Wnt reporter mouse strain, in which Xgal signal specifically reports Wnt activation in epithelia ([Figure S1](#mmc1){ref-type="supplementary-material"}A), we found Xgal^+ve^, Wnt-responsive cells in both hard ([Figure 1](#fig1){ref-type="fig"}D) and soft palates ([Figure 1](#fig1){ref-type="fig"}E). A closer look at the epithelial layers revealed that majority of Xgal^+ve^ Wnt-responsive cells were restricted to the basal layer ([Figures 1](#fig1){ref-type="fig"}D' and 1E′). Basal cells were easy to be recognized by their position, size, and distinctive staining with nuclear fast red ([Figure S1](#mmc1){ref-type="supplementary-material"}B). Quantification of basal cells co-stained with Xgal and nuclear fast red indicated that the soft palate harbored slightly more Wnt-responsive cells than the hard palate ([Figure 1](#fig1){ref-type="fig"}F).Figure 1The Hard and Soft Palates Contain Wnt-Responsive Cells(A--C) (A) Pentachrome staining of the maxilla (sagittal section) showing the different morphology of (B) the hard palate and (C) the soft palate. In pentachrome staining, the epithelial layer stains red and the lamia proper stains yellow to blue.(D--E) In 3-month-old *Axin2*^*LacZ/+*^ mice, Xgal staining was performed to detect Wnt-responsive cells in (D) the hard palate and (E) the soft palate. The box area in D and E were enlarged in (D′) and (E′). Orange dotted lines indicate the cell shape.(F) Quantification of Xgal^+ve^ basal cells in both hard and soft palates (n = 3, 5 sections per mouse).(G) Co-staining of GFP^+ve^ cells (tamoxifen was injected 1 day before harvest) with β-catenin (red). The dotted line indicates the basement membrane. Abbreviation: lp, lamia proper; bl, basal layer; hp, hard palate; sp, soft palate; k, keratinized layer. Scale bars: black, 100 μm; orange, 10 μm.Data represent mean ± SD. See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

Another genetic approach to labeling Wnt-responsive cells, as well as their progeny, involves the use of a *Axin2*^*CreErt2/+*^; *R26*^*mTmG/+*^ strain, in which tamoxifen converts Wnt-responsive cells to permanently labeled GFP-expressing cells ([@bib24]).

Based on prior experience ([@bib30], [@bib31]), a single dose of tamoxifen (5 mg/25 g body weight) resulted in efficient labeling of the palatal epithelium ([Figure S2](#mmc1){ref-type="supplementary-material"}).

To validate that GFP^+ve^ cells indicated a Wnt-responsive status, tamoxifen was delivered to 3-months-old mice and 1 day later, oral epithelium was analyzed for both GFP and β-catenin ([Figure 1](#fig1){ref-type="fig"}G). Co-expression of GFP in cells with evidence of nuclear localization of β-catenin demonstrated that GFP^+ve^ cells were responsive to an endogenous Wnt signal.

Wnt-Responsive Basal Cells Are Stem Cells in Both Hard and Soft Palates {#sec2.2}
-----------------------------------------------------------------------

With these tools in hand, we next examined the distribution of Wnt-responsive cells and followed their fates in the hard and soft palates. Tamoxifen was again delivered to 3-month-old-mice ([Figure 2](#fig2){ref-type="fig"}A). Within 1 day, analyses of the epithelium of the hard palate showed that GFP^+ve^, Wnt-responsive cells were primarily anchored to the basement membrane ([Figure 2](#fig2){ref-type="fig"}B). By day 5, GFP^+ve^ cell clusters contained both cuboidal basal cells and flattened suprabasal cells ([Figure 2](#fig2){ref-type="fig"}C). By day 30, GFP^+ve^ cells formed clones across all layers of the epithelium of the hard palate ([Figure 2](#fig2){ref-type="fig"}D). Clones continued to expand and were maintained for at least 180 days ([Figures 2](#fig2){ref-type="fig"}E and 2F). In the soft palate, Wnt-responsive cells also represented a subpopulation in the basal layer ([Figure 2](#fig2){ref-type="fig"}G). Fate analyses strongly suggested that GFP^+ve^ Wnt-responsive cells were also stem cells ([Figures 2](#fig2){ref-type="fig"}H--2K). In terms of absolute number, the soft palate had more Wnt-responsive basal cells than the hard palate ([Figure 2](#fig2){ref-type="fig"}L), but in terms of the rate at which these populations grew, they were comparable ([Figure S3](#mmc1){ref-type="supplementary-material"}).Figure 2Wnt-Responsive Basal Cells Are Stem Cells in the Hard and Soft Palates(A) A schematic diagram showing the lineage tracing strategy. Mice were injected with one-dose tamoxifen at the age of 3 months. The Wnt-responsive cells were analyzed 1 day (D), 5D, 30D, 90D, and 180D later.(B--F) Wnt-responsive cells (green) were co-stained with β4 integrin (red, basement membrane). In the hard palate, (B) 1D chasing showing Wnt-responsive cells close to the basement membrane. These cells (C) expanded within 5D and (D) have established the clone in 30D. (E) 90D later, the clone enlarged and (F) the clone size was maintained in a 180D chasing. In the soft palate.(G-K) (G) Wnt-responsive cells were first found in the basal layer and (H) the clones were quickly formed within 5D. (I) By 30D, the clone expanded and was maintained through (J) 90D and (K) 180D chasing.(L) Quantification of GFP^+ve^ basal cells, defined as GFP^+ve^ cells that colocalized with the β4 integrin, in both the hard and soft palates at indicated time points (n = 3, 5 sections for each mouse). Abbreviation: lp, lamia proper. Scale bars: 25 μm. Data represent mean ± SD. See also [Figures S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}.

To confirm that Wnt-responsive basal cells were stem cells, hard and soft palate epithelia were harvested, from which single cells were isolated and examined *in vitro* ([Figure S4](#mmc1){ref-type="supplementary-material"}A). First, we confirmed that GFP^+ve^ cells were basal epithelial cells, by co-immunostaining of GFP ([Figure S4](#mmc1){ref-type="supplementary-material"}B) with keratin 5 ([Figure S4](#mmc1){ref-type="supplementary-material"}C), keratin 14 ([Figure S4](#mmc1){ref-type="supplementary-material"}D), and β4 integrin ([Figure S4](#mmc1){ref-type="supplementary-material"}E). GFP-expressing basal epithelial cells were immune-negative for the suprabasal markers Involucrin ([Figure S4](#mmc1){ref-type="supplementary-material"}F) and loricrin ([Figure S4](#mmc1){ref-type="supplementary-material"}G). The incorporation of EdU suggested that a high percentage of GFP^+ve^ basal cells were proliferative ([Figures S4](#mmc1){ref-type="supplementary-material"}H--S4J). Next, we examined the self-renewing ability of the GFP^+ve^ basal cells using a colony forming unit (CFU) assay. GFP^+ve^ clones were evident after 14 days ([Figures S4](#mmc1){ref-type="supplementary-material"}K and [S4](#mmc1){ref-type="supplementary-material"}L). Taken together, these *in vivo* and *in vitro* data support the conclusion that Wnt-responsive basal cells are stem cells in oral epithelia.

The Soft Palate Displays a Superior Healing Ability Compared with the Hard Palate {#sec2.3}
---------------------------------------------------------------------------------

A wound in the oral cavity heals faster--- and with less scarring---than other epithelial wounds ([@bib10], [@bib20]). The stages of cutaneous wound healing have been well documented ([@bib1], [@bib8]), whereas the same stages of healing in the oral cavity have not. In addition, it is not known whether different types of oral mucosa have different healing abilities. Therefore, we created a 2-mm full-thickness injury at the junction between the hard and soft palates ([Figures 3](#fig3){ref-type="fig"}A and 3B). This type of injury allowed us to study healing rates in both tissues. In the soft palate, the wound was clinically healed by post-surgery day (PSD) 3 ([Figure 3](#fig3){ref-type="fig"}C). In the hard palate, the injury site was not fully healed until PSD14 ([Figures 3](#fig3){ref-type="fig"}D and 3E). Histological analyses verified differences in healing rates. On PSD1, injuries spanning the hard and soft palates had visible wound edges ([Figure 3](#fig3){ref-type="fig"}F). By PSD3, the soft palate side of the injury was fully re-epithelialized, but the palate portion of the injury remained open ([Figure 3](#fig3){ref-type="fig"}G). By PSD7, the hard palate portion of the injury was re-epithelialized ([Figure 3](#fig3){ref-type="fig"}H), but the rugae were not fully reestablished until PSD14 ([Figure 3](#fig3){ref-type="fig"}I). Together, these data demonstrated that both hard and soft palates undergo repair in response to injury, but the soft palate does so much faster ([Figures 3](#fig3){ref-type="fig"}J and 3K).Figure 3The Soft Palate Displays Superior Healing Ability Than the Hard Palate(A) Intact hard and soft palates.(B--E) (B) A 2-mm full-thickness injury (black dashed circle) was created in the area between the hard and soft palates. The center of the injury was located in the cross point of the middle line and the line along with the posterior ends of third molars. Yellow dashed circle indicates the unhealed part. Mice at age of 3 months were subjected to the injury and then monitored for (C) 3 days, (D) 7 days, and (E) 14 days.(F-I) Representative Masson trichrome staining showing the healing of hard and soft palates on. (F) PSD1, (G) PSD3, (H) PSD7, and (I) PSD14. The black brackets indicate the injury site. The orange lines indicate the unhealed injury.(J) Quantification of wound area shown in (B)--(E) (n = 6).(K) Calculated repair rate between PSD1 and PSD3 (n = 6). Abbreviation: m1, maxillary first molar; m2, maxillary second molar; m3, maxillary third molar; PSD, post-surgery day; in, injury; hp, hard palate; sp, soft palate. Data represent mean ± SD. Scale bars: 200 μm.

Injury in the Soft Palate Induces More Robust Wnt and Proliferation Response {#sec2.4}
----------------------------------------------------------------------------

To explore the differential healing mechanisms in these two tissues, we examined the wound edges from the hard ([Figure 4](#fig4){ref-type="fig"}A) and soft palates ([Figure 4](#fig4){ref-type="fig"}B), focusing on cells that became Wnt responsive as a result of injury using *Axin2*^*LacZ/+*^ mice. On PSD3 in the hard palate, Xgal^+ve^, Wnt-responsive cells were abundant, distributed throughout the epithelial layers, and located at a distance (∼500 μm) from the wound edge ([Figures 4](#fig4){ref-type="fig"}C and 4C′). This represented a departure from the intact state ([Figure 4](#fig4){ref-type="fig"}D). In the soft palate, injury also boosted the number of Wnt-responsive cells on PSD3 ([Figure 4](#fig4){ref-type="fig"}E), and they were observed in almost all epithelial layers ([Figure 4](#fig4){ref-type="fig"}E'; compare with the intact state, [Figure 4](#fig4){ref-type="fig"}F). More Wnt-responsive cells were produced in response to soft palate injury versus hard palate injury (compare [Figure 4](#fig4){ref-type="fig"}E' with [Figure 4](#fig4){ref-type="fig"}C').Figure 4In the Early Stage, Injury Induces More Robust Wnt and Proliferation Response in the Soft Palate(A--B) On PSD3, representative Masson trichrome staining showing the healing front in (A) the hard palate and (B) the soft palate.(C-F) In *Axin2*^*LacZ/+*^ mice, Xgal staining was performed to detect Wnt-responsive cells in (C) the healing hard palate on PSD3 and (D) the intact hard palate. The orange box area in (C) has been enlarged in (C′). Xgal staining was performed to detect Wnt-responsive cells in (E) the healing soft palate on PSD3 and (F) the intact soft palate. The orange box area in (E) has been enlarged in (E′).(G-I) EdU staining was used to examine cell proliferation in (G) the healing hard palate on PSD3 and (H) the intact hard palate. The orange box area in (G) has been enlarged in (G′). EdU staining was used to examine cell proliferation in (I) the healing soft palate on PSD3 and (J) the intact soft palate. The orange box area in (I) has been enlarged in (I′).(K) Quantification of EdU^+ve^ cells (n = 6, 5 sections of each mouse). Abbreviation: lp, lamia proper; in, injury; PSD, post-surgery day; hp, hard palate; sp, soft palate. Scale bars: 100 μm.Data represent mean ± SD. See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

We next tested whether injury-induced Wnt-responsive cells contributed to tissue repair. On PSD3, the majority of basal cells in the hard palate were proliferating, as indicated by EdU incorporation ([Figures 4](#fig4){ref-type="fig"}G and 4G′). This represented a dramatic departure from the intact hard palate, where only ∼10% of basal cells were actively proliferating ([Figure 4](#fig4){ref-type="fig"}H). In the soft palate, injury also induced a massive cell proliferation ([Figures 4](#fig4){ref-type="fig"}I and 4I′). Similar to what we observed in the hard palate, this proliferative burst stood in contrast to the intact state in the soft palate ([Figure 4](#fig4){ref-type="fig"}J). The number of proliferating cells was quantified ([Figure 4](#fig4){ref-type="fig"}K). Compared with the intact state, injury induced ∼5 times more EdU^+ve^ cells in the hard palate and ∼11 times more EdU^+ve^ cells in the soft palate ([Figure 4](#fig4){ref-type="fig"}K). Collectively, palatal injury stimulated a vigorous Wnt response that was accompanied by a vigorous proliferative response.

Substantial Wnt-Responsive Cells Persist in the Hard Palate after Re-Epithelization {#sec2.5}
-----------------------------------------------------------------------------------

To correlate Wnt-responsive cells with tissue healing, we examined injuries between PSD7 and PSD28. PSD7 was chosen because in the hard palate, the wound was re-epithelialized but not fully regenerated ([Figure 5](#fig5){ref-type="fig"}A). In contrast, by PSD7 in the soft palate, the tissue\'s original architecture was fully restored ([Figure 5](#fig5){ref-type="fig"}B). In the hard palate, Wnt-responsive cells were still abundant ([Figure 5](#fig5){ref-type="fig"}C). Conversely in the soft palate, the number of Wnt-responsive cells had returned to baseline ([Figure 5](#fig5){ref-type="fig"}D).Figure 5Substantial Wnt-Responsive Cells Persist in the Hard Palate During and Post-Injury Healing(A--D) Representative Masson trichrome staining showing the healed (A) hard palate and (B) soft palate on PSD7. Xgal staining was performed to detect the Wnt-responsive cells in (C) the healed hard palate and (D) the healed soft palate on PSD7.(E-H) Representative Masson trichrome staining showing the healed (E) hard palate and (F) soft palate on PSD14. Xgal staining was performed to detect Wnt-responsive cells in (G) the healed hard palate and (H) the healed soft palate on PSD14.(I) Xgal staining showing Wnt-responsive cells in the healed hard palate on PSD28.(J) Quantification of Xgal^+ve^ cells in the hard and soft palates at indicated time points (n = 6, 5 sections of each mouse). Abbreviation: lp, lamia proper; PSD, post-surgery day. Scale bars: 100 μm.Data represent mean ± SD. See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

By PSD14 in the hard palate, the epithelium was thinner ([Figure 5](#fig5){ref-type="fig"}E) and rugae were present. The soft palate remained unchanged ([Figure 5](#fig5){ref-type="fig"}F). In the hard palate, the population of Wnt-responsive cells remained high in the repaired tissue ([Figure 5](#fig5){ref-type="fig"}G). In the soft palate, the number and distribution of Wnt-responsive cells were indistinguishable from that in the intact state ([Figure 5](#fig5){ref-type="fig"}H). On PSD28, the number and distribution of Xgal^+ve^ Wnt-responsive cells in the hard palate finally returned to levels seen in the intact state ([Figure 5](#fig5){ref-type="fig"}I).

We quantified these changes in the number of Xgal^+ve^ cells over time, and this value was normalized to total basal cell number using nuclear fast red co-staining ([Figure S5](#mmc1){ref-type="supplementary-material"}). In both tissues, Wnt-responsive cells initially escalated in number, followed by their decline over time as the tissue healed. The primary difference between the hard and soft palates was in the magnitude of the response ([Figure 5](#fig5){ref-type="fig"}J). In the hard palate, the injury-induced expansion of Wnt-responsive cells was milder and more durable, whereas in the soft palate the increase in Wnt-responsive cells was considerable but transient ([Figure 5](#fig5){ref-type="fig"}J). Precisely how this expansion and contraction in Wnt-responsive cells was achieved became the focus of our next experiments.

The Wnt-Responsive Population Enlarges in Response to Injury but Prunes after Homeostasis Is Reestablished {#sec2.6}
----------------------------------------------------------------------------------------------------------

The expansion in Wnt-responsive cells after injury could have been achieved via recruitment of cells. Alternatively, this could reflect the activation of stem cells. To distinguish between these possibilities, we returned to *Axin2*^*CreErt2/+*^; *R26*^*mTmG/+*^ strain. Our control group consisted of animals that received tamoxifen but did not sustain any injuries ([Figure S6](#mmc1){ref-type="supplementary-material"}). Our test group consisted of reporter mice that received tamoxifen 2 days before palatal injury ([Figure 6](#fig6){ref-type="fig"}A). Cells that are responsive to an endogenous Wnt signal and simultaneously exposed to tamoxifen will stop expressing membrane TdTomato and start expressing membrane GFP ([Figure S7](#mmc1){ref-type="supplementary-material"}). Tamoxifen stops label basal cells 1 day after injection ([Figure S2](#mmc1){ref-type="supplementary-material"}F); therefore, we hypothesized that delivering tamoxifen 2 days before injury would only label resting Wnt-responsive cells in the basal layer and specifically avoid labeling cells that became Wnt-responsive as a result of the tissue damage. Analyses conducted immediately after injury confirmed that the labeling strategy worked: only small clones of GFP^+ve^ cells were in evidence ([Figures S6](#mmc1){ref-type="supplementary-material"}A and S6B), equivalent to the control (intact) group ([Figures S6](#mmc1){ref-type="supplementary-material"}C and S6D).Figure 6Wnt-Responsive Population Enlarges in Response to Proliferation but Prunes after Homeostasis Is Reestablished(A) A schematic diagram showing the lineage tracing strategy. Mice were injected with one dose of tamoxifen at the age of 3 months. Two days later, a 2-mm full-thickness injury was generated in the hard and soft palates. Wnt-responsive cells were analyzed 3D, 7D, 10D, 14D, and 21D after surgery.(B-C) On PSD3, GFP^+ve^ Wnt-responsive cells were examined in the healing (B) hard palate and (C) soft palate.(D-E) On PSD7, GFP^+ve^ Wnt-responsive cells were examined in the healed (D) hard palate and (E) soft palate.(F) On PSD14, abundant GFP^+ve^ Wnt-responsive cells still existed in the healed hard palate.(G) By PSD14, GFP^+ve^ Wnt-responsive cells were returned to normal level.(H) On PSD10, TUNEL were co-stained with GFP^+ve^ Wnt-responsive cells in the soft palate.(I) EdU staining showing the proliferation of cells in both hard and soft palates on PSD14. Orange bracket indicates the injury site.(J) On PSD21, TUNEL were co-stained with GFP^+ve^ Wnt-responsive cells in the hard palate.(K) GFP^+ve^ Wnt-responsive cells in the hard palate 28D after injury. Wnt-responsive cells (green) were co-immunostained with β4 integrin (β4, red, basement membrane). Yellow arrows indicate Wnt-responsive cells in suprabasal layers. White arrowhead indicates Wnt-responsive cells in basal layer. Abbreviation: lp, lamia proper; hp, hard palate; sp, soft palate; PSD, post-surgery day. Scale bars: 100 μm.See also [Figures S5--S9](#mmc1){ref-type="supplementary-material"}.

On PSD3, the GFP^+ve^ population was clustered close to the edge of the injury ([Figures S6](#mmc1){ref-type="supplementary-material"}E and S6F). Compared with the distribution of GFP^+ve^ cells in the intact group ([Figures S6](#mmc1){ref-type="supplementary-material"}G and S6H), there was a dramatic increase in GFP^+ve^ population in injury group ([Figures 6](#fig6){ref-type="fig"}B and 6C). Besides the difference in number, suprabasal GFP^+ve^ cells lack the continuity with basal GFP^+ve^ cells during injury, indicating the injury-induced cell migration.

On PSD7, re-epithelialization of the wound was complete and, in this newly formed tissue, progeny of the initial Wnt-responsive stem population had re-established their position in the basal layer and had given rise to much larger clones (compare [Figures 6](#fig6){ref-type="fig"}D and 6E with the intact state, [Figures S6](#mmc1){ref-type="supplementary-material"}I and S6J). Given the timing of the labeling (before injury), we conclude that the regenerated tissue arose from the progeny of Wnt-responsive cells residing in the basal layer of the intact palatal epithelia.

In most respects, the hard and soft palates responded similarly to injury, and in both anatomical locations, the Wnt-responsive populations behaved equivalently. What differed significantly, however, was the timing of events: in the hard palate, Wnt-responsive descendants persisted until PSD14 ([Figure 6](#fig6){ref-type="fig"}F), but in the soft palate, the GFP^+ve^ population had declined by nearly 90% by PSD14 ([Figure 6](#fig6){ref-type="fig"}G, quantified in [Figure S9](#mmc1){ref-type="supplementary-material"}) to its intact stage ([Figure S6](#mmc1){ref-type="supplementary-material"}L). These data demonstrated that a massive pruning event was underway.

Although the reduction in GFP^+ve^ epithelial clone size could be attributed to a higher level of turnover in the regenerated tissue, this would not explain the drastic reduction in GFP^+ve^ cells in the basal layer (from 85% to 17%, [Figures 6](#fig6){ref-type="fig"}E and 6G, quantified in [Figure S9](#mmc1){ref-type="supplementary-material"}). We wondered if the GFP^+ve^ basal cells were undergoing apoptosis to re-establish homeostasis. Staining on PSD10 revealed only sporadic TUNEL^+ve^ cells, and none of them were in the basal layer ([Figure 6](#fig6){ref-type="fig"}H) as they were observed in the intact state ([Figure S8](#mmc1){ref-type="supplementary-material"}). Thus, the pruning of Wnt-responsive basal cells was apparently fulfilled by halting self-renewal.

The same sequence of events also occurred in the hard palate, just at later time points: for example, on PSD14, when abundant Wnt-responsive cells were still present in the hard palate ([Figure 5](#fig5){ref-type="fig"}G), and cell proliferation remained high ([Figure 6](#fig6){ref-type="fig"}I), indicating the tissue remodeling was ongoing. On PSD21, most GFP^+ve^ cells were in suprabasal layers ([Figure 6](#fig6){ref-type="fig"}J) and homeostasis was ultimately re-established on PSD28 ([Figure 6](#fig6){ref-type="fig"}K, compared with [Figure S6](#mmc1){ref-type="supplementary-material"}M).

Taken together, these data demonstrated that a stem population of GFP^+ve^ Wnt-responsive cells residing in the basal layer dramatically expanded in response to injury. Part of the response was to re-establish a stem cell pool in the new basal layer overlying the wound, and another part of the response was to then directly differentiate and regenerate the missing tissue. Thereafter, through mechanisms that do not appear to involve apoptosis, the stem cell pool was pruned back to the level seen during homeostasis.

Discussion {#sec3}
==========

Here, we report that Wnt-responsive basal cells in the hard and soft palates have a self-renewing capacity, give rise to differentiated suprabasal cells, and participate in tissue homeostasis and tissue regeneration. The hard and soft palates share similar homeostatic mechanisms and comparable injury responses; the main difference is that Wnt-responsive cells in the soft palate are more mitotically active, which correlates with a superior healing outcome.

To put these behaviors of oral epithelial stem cells in context, we considered other types of epithelial tissue. For several decades, researchers have characterized stem cells and described their self-renewing and differentiation capacities in skin. Multiple stem cell populations have been identified that contribute to both homeostasis and injury repair ([@bib8]). In comparison with skin, relatively little is known about stem cell populations in the oral mucosa. Mitotically active, long-lived BMI1^+ve^ oral mucosal progenitor cells in the basal layer of the lining mucosa participate in homeostasis ([@bib11]). Selective cell ablation leads to expansion of BMI1^+ve^ clones, but their overall contribution to injury repair remains elusive ([@bib11]). In our study, the Axin2^+ve^ population in the basal layer of the oral mucosa is also long-lived. This Axin2^+ve^ population maintains oral mucosa homeostasis ([Figure 2](#fig2){ref-type="fig"}), is activated by injury, and directly contributes to the regenerated tissue ([Figures 4](#fig4){ref-type="fig"}, [5](#fig5){ref-type="fig"}, and [6](#fig6){ref-type="fig"}). These similarities suggest that the two populations may overlap. In fact, several studies have linked BMI1 activity with Wnt signaling. BMI encodes a ring finger protein in the polycomb group complex that controls chromatin remodeling ([@bib6], [@bib16]), and at least one study shows that BMI1 promotes Wnt signaling in epithelial cells and cancer cells, perhaps through repressing the Wnt antagonist, Dickkopf ([@bib6], [@bib16]). Activating Wnt signaling via over-expression of Wnt1 promotes BMI1 expression as well ([@bib6]). In ongoing studies, we are exploring the extent to which the Axin2^+ve^ Wnt-responsive population of stem cells overlaps with the BMI1^+ve^ population.

In our study, we also noticed that the number of Wnt-responsive basal cells is tightly controlled. During homeostasis, Wnt-responsive basal cells increased in a very slow rate ([Figure 2](#fig2){ref-type="fig"}). In response to injury, however, abundant new cells are required to quickly close a wound. We demonstrated that, during the repair process, Wnt-responsive cells produced ample progeny ([Figure 6](#fig6){ref-type="fig"}). These cells initially occupied a large percentage of the basal layer in the newly formed oral epithelia, but this state was transient. Shortly after re-epithelialization was complete, the percentage of Wnt-responsive basal cells was reduced ([Figure 5](#fig5){ref-type="fig"}) by halting their self-renewing capacity ([Figure 6](#fig6){ref-type="fig"}). We speculate that this "pruning" process represents a potential cancer-preventing mechanism based on the undisputed link between chronic injury and oncogenic transformation of the oral mucosa. We demonstrated that a stem cell population exists in the basal layer ([Figure 2](#fig2){ref-type="fig"}) and this stem cell population dramatically expands in response to injury ([Figure 4](#fig4){ref-type="fig"}). Most cancers arise from the accumulation of DNA mutations due to infidelity of the DNA replication and failure of DNA repair ([@bib4], [@bib26]) and the risk of a stem cell undergoing oncogenic transformation is strongly correlated with the total number of divisions it undergoes ([@bib23]). Statistically, the chance that a random mutation arises during the rapid proliferation process in our model is high. If cells with such DNA mutations are not eliminated, they can initiate carcinogenesis ([@bib2], [@bib18]). Currently, it is unclear how the body selects Wnt-responsive cells to stay in the basal layers as well as what the pruning mechanism is.

In our study, we examined the healing in both the hard and soft palate. Our data demonstrated that Wnt-responsive cells in the soft palate response to the injury more quickly ([Figures 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}). The hard palate and the soft palate are distinctive in their morphology ([Figure 1](#fig1){ref-type="fig"}) and, therefore, cells in these two tissues are in different mechanical environments. For example, the hard palate is exposed to compressive and shear forces during the mastication of food ([@bib19]) and the junction between its epithelium and underlying connective tissue is convoluted, to prevent the epithelium from detaching under shear force. The soft palate, on the other hand, is flexible and has a loose layer of elastic fibers underneath ([@bib19]). Tissue damage alters the mechanical environment of cells ([@bib3], [@bib14], [@bib21]), and stem cells translate a change in the mechanical environment into molecular signals that activate cellular functions related to tissue repair. For example, changes in mechanical forces stimulate stem cell proliferation ([@bib9], [@bib27]). We hypothesize that the robust cell proliferation that characterizes soft palate healing ([Figure 4](#fig4){ref-type="fig"}) may be activated by wound contracture and changes in extracellular matrix stiffness as part of the repair process ([@bib15]). One molecular pathway that is implicated in regulating stem cell function is the Hippo pathway, which integrates cytoskeletal changes in stem cells with alterations in the extracellular environment ([@bib25], [@bib32]) during both tissue homeostasis and repair ([@bib9]). Whether TAZ/YAP also serves as a mechano-sensor/damage-sensor in oral mucosa is a focus of future studies.

Limitations of the Study {#sec3.1}
------------------------

Although this study provided insights into the stem cell function of Wnt-responsive cells in oral epithelia, subsequent studies are necessary to demonstrate whether these cells are indispensable to maintain tissue integrity and support repair. One approach may be to ablate Axin2^+ve^ cells in epithelia, then study how the homeostasis and repair response is affected. It is also worth noting that we did not investigate the source of Wnt, neither during homeostasis nor during injury repair. Identifying the Wnt-secreting cells might help to understand the mechanism of the "trimming process" we observed after repair.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods and Figure S1--S9
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